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 This PhD research focuses on the Brillouin light scattering studies of magnons in 
nanomagnets with cylindrical symmetry. The spin dynamics of three different samples, 
viz. Ni nanowire arrays, close packed FeCo nanowire arrays and high aspect ratio Ni 
nanorings, have been investigated.  
 In Chapter 1, a brief review of the studies on magnetic nanostructures and 
objectives of the present study are presented. Chapter 2 gives the spin wave theory, 
especially that on systems with cylindrical symmetry. Brief introduction on Brillouin 
light scattering and instrumentation is presented in Chapter 3.  
The observation of bulk spin wave quantization in Ni nanowires is presented in 
Chapter 4. This Brillouin study reveals that the quantization effect of bulk spin waves 
occurs when the diameter of the nanowires falls below 50 nm, and that both the 
frequency differences and the frequencies of such confined modes increases when the 
diameter of the nanowires decreases. The analysis based on the dipole-exchange theory 
indicates that the discrete modes observed are a consequence of the quantization of bulk 
spin waves due to confinement by the small cross section of the nanowires. Besides the 
spin dynamics in single magnetic nanowires, the depression of value of spin wave 
stiffness parameter suggests that knowledge of the interactions between the nanowires is 
also of great importance at the high packing density required for quantum nanomagnetic 
data storage.  
v 
Studies on the interactions between nanowires are presented in Chapter 5.  
Brillouin measurements were made to investigate the spin dynamics of high-density 2-D 
ordered Fe48Co52 nanowire arrays, with various interwire spacings, as a function of 
longitudinally applied magnetic field. Interpretation of the experimental data was 
achieved by the Arias-Mills theory for collective spin waves in arrayed wires. It is found 
that at each applied magnetic field value, the influence of neighboring nanowires is 
manifested as a depression of the frequency of the lowest collective spin wave mode 
relative to that of the isolated nanowire. This frequency depression becomes 
progressively more pronounced with decreasing interwire spacing. These results provide 
clear conclusive evidence of collective magnetic excitations in 2-D ordered arrays of 
ferromagnetic nanowires.  
Chapter 6 reports the study of spin dynamics of high aspect ratio Ni nanorings 
using Brillouin spectroscopy. The experimental data were analyzed based on a 
generalization of the Arias-Mills macroscopic dipole-exchange theory for long cylinders 
in longitudinally applied magnetic field. The absense of a spin wave peak for applied 
magnetic fields below 0.05 T suggests a transition of physical properties, which is in 
accord with a transition from an aligned “bamboo” state to a “twisted bamboo” state, 
predicted by microscopic simulations. 
 Chapter 7 summarizes the conclusions drawn from the three projects undertaken 
in this PhD research.  
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Chapter 1  Introduction  
 
§ 1.1 Introduction 
While the increase in magnetic storage density for hard disks has been 60-
100% per year since 1991, the predicted superparamagnetic limit, about 150 – 200 
Gbit/in2, is almost reached [1, 2]. One approach to extend this storage density limit is 
via the study on patterned perpendicular media, in which one bit of information 
corresponds to one single domain nano-sized particle, a so-called nanomagnet. Since 
each bit would be composed of a single high-aspect ratio particle, the area density of 
these patterned media can, in principle, be much higher than that of conventional 
longitudinal media (see Fig 1.1). One promising technique to obtain such nanomagnet 
arrays is based on hexagonally arranged porous alumina templates. Highly ordered 
magnetic nanowire arrays filled in alumina templates have been successfully 










Fig 1.1 Traditional longitudinal (left) and new perpendicular recording (right). 
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Another approach to extend the storage density limit is using the ring-
structured nanoparticles as recording media units. Such ring structure is proposed 
because of the existence of vortex (flux-closed) states, in which the magnetization is 
oriented circularly and for which stray magnetic fields are essentially absent [5, 6]. 
However, to use such nanomagnets as magnetic storage device with density as 
high as 1 Terabit/in2, we have to consider the fundamental limits, which mainly arise 
from thermal stability. Thus an understanding of the magnetic and thermal properties 
of nanomagnets are of fundamental importance. Although many techniques have been 
employed to study nanomagnets, most of them such as SEM, TEM, STM, AFM and 
MFM, can only provide static information. In contrast investigations of the dynamical 
properties of nanomagnets, especially experimental ones, are rare. 
 Brillouin light scattering (BLS) is a powerful tool for investigating both the 
magnetic properties of small-sized samples [7-9]. For example, extensive studies on 
spin waves in micron or submicron magnetic stripes and circular plates [9-11], as well 
as in magnetic thin films [12, 13] and multilayers/superlattice [14, 15], have been 
carried out using Brillouin scattering. A recent BLS study of micron size magnetic 
rectangular 1-D arrays of wires was reported by C. Mathieu et al. [10], who observed 
quantization of surface spin waves. If the size of the nanomagnets is decreased to tens 
of nanometers, problems such as whether the surface spin waves can still be observed, 
whether the bulk spin waves will be quantized when the dimension become even 
smaller, and how will the interaction between the neighboring elements, in an array, 
affect the spin wave frequency, will still need to be resolved.   
  To my knowledge, employing BLS method to study vertical arrayed 
nanowires or nanorings had not yet been published elsewhere when this thesis project 
was started. The main purpose of this thesis is to study the behavior of spin waves in 
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nanomagnets, especially in trying to observe one important phenomenon of waves – 
quantization caused by confinement effect. Another purpose is to study the magnetic 
interaction effects between the nano-elements, which are of great importance to the 
applications of the nanomagnets.  
It is hoped that the accurate BLS data reported in this thesis can be used as a 
data source for the theorists to test their newly developed dynamic magnetic theories 
on nano-size structures. And it is also hoped that some basic parameters measured in 
this study can be helpful for the engineers to fabricate higher density magnetic storage 
devices.  
 
§ 1.2 Units 
The unit systems of magnetism are fairly confusing, compare to other field of 
physics. Several competing systems exist, in both CGS and MKS (SI). Besides the 
unit system, the names of the quantities in the field of magnetism also vary widely, 
for example, “Magnetic Field” could have the same meaning as “Magnetic Field 
Strength” or as that of “Magnetic Induction”. Thus one has to do extensive detective 
work to understand the exact meaning of an equation. Moreover, each unit system has 
a special form of the fundamental magnetic equation, which shows the relationship 
between magnetic flux density B, magnetic field H, and magnetization M.  Three 
common forms of basic equations in SI unit system are [16]:  
B = µ0 H + M                             (1.1) 
B = µ0 (H + M)                           (1.2) 
B = H + µ0 M                             (1.3) 
where µ0 is the magnetic permeability of free space. In CGS-Gauss unit system, the 
basic equation is normally written as:  
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B = H + 4π M                             (1.4) 
And in the CGS-EM (electromagnet) unit system: 
B = H + M                             (1.5) 
This thesis is written, as far as practice is concerned, using the CGS-Gauss 
unit system and the fundamental magnetic equation used is Eq. (1.4). The author 
chooses the CGS-Gauss unit system because most of the related references on spin 
wave theory are using this unit system.  
 
§ 1.3 Structure of this thesis 
 The contents of each chapter are briefly listed below: 
Chapter 1 (this Chapter): A brief introduction is given; the purposes of this thesis are 
stated; units used are clarified and structure of this thesis is listed. 
Chapter 2: Basic theory of spin waves is presented; two kinds of structures, e. g. film 
and cylinder are discussed in details. 
Chapter 3: Introduction to Brillouin light scattering. 
Chapter 4: The bulk spin wave quantization in Ni nanowires is studied by means of 
BLS. 
Chapter 5: The collective spin waves are studied. The interaction between the FeCo 
nanowires in a close packed array is discussed. 
Chapter 6: The BLS study on spin waves in 2D vertical array of nanorings is 
presented. 
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Chapter 2  Spin Waves 
§ 2. 1 Introduction 
 Spin waves (or magnons) are low-lying excitations that exist in ordered 
magnetic materials. The characteristics of the magnons in any particular magnetic 
material depend on the nature of the interactions and type of magnetic material such 
as ferromagnets, antiferromagnets, and ferrimagnets. In this thesis, only spin waves in 
ferromagnets will be considered. 
The concept of spin waves, as the lowest lying magnetic state above the 
ground state, was introduced by Bloch [1] in 1930. He envisaged spin waves as slight 
deviations of spins from their ground states, which propagate with a wavelike 
behavior through the crystals. This dynamic effect was ignored in the mean field 
theory, where the exchange interactions are replaced by a static effective field. 
Bloch’s theory predicted that the magnetization of a ferromagnet at low temperatures 
(T) should deviate from the zero-T value with a T3/2 dependence, instead of the 
exponential dependence given by mean field theory. Fig 2.1 shows a schematic view 
of spin waves in a ferromagnet. For a ferromagnetic material, there is an interaction 
between neighboring electronic spins, which gives rise to a parallel alignment at 
ground state. With perturbation the spins will deviate slightly from their ground state 
(Fig 2.1b), and this disturbance will propagate with a wavelike behavior (Fig 2.1c) 
through the material.  
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The spin wave theory most widely used nowadays is the semi-classical 
“dipole-exchange” spin wave theory which treats considers both dipole and exchange 
interactions. To understand this theory, one can start either from a quantum 
mechanical point of view by means of a Heisenberg model or from a classic point of 
view by means of a magnetostatic theory. In this chapter, the magnetostatic theory 
which considers only the long-range dipole energy will be introduced first, with a 
discussion on the properties of spin waves in two specific geometries: (1) a film/slab, 
which is the most widely studied structure and (2) an infinitely long cylinder, which is 
a structure studied in this thesis. The exchange-dipole spin wave theory is then 
discussed for the cylindrical geometry, by including the exchange energy term. The 
theory of spin waves in an isolated cylinder is next extended to describe collective 






Fig 2.1 Semiclassical representation of spin wave in a ferromagnet: (a) the ground 
state (b) a spin wave of precessing spin vectors (viewed in perspective) and (c) the 
spin wave showing a complete wavelength. 
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§ 2. 2 Magnetostatic theory 
In the magnetostatic theory, the modes of spin waves are due to purely 
magnetostatic forces arising from the externally applied magnetic field and the dipolar 
fields of the sample magnetization. The forces due to exchange interaction and 
electromagnetic induction may be ignored [2]. 
In the magnetostatic limit, Maxwell’s equations become 
∇ × H = 0               (2.1a) 
∇ ⋅ B = 0                (2.1b) 
where H and B are the magnetic field and magnetic flux density, respectively. 
The boundary conditions require the continuity of the normal component of B 
and the tangential component of H at the sample surface, and these fields must 
approach zero at large distances from the sample. 
Let the applied magnetic field, H0, lie in the z direction. The magnetization 
and magnetic field may be written as 
M = M0iz + me-iωt      (2.2) 
H = Hi iz + he-iωt      (2.3) 
where M0 is the static magnetization and Hi = Hi iz is magnetic field inside the 
magnetic material, iz is a unit vector in the z direction, m and h represent the 
fluctuating components of the respective fields at angular frequency ω. Neglecting the 
anisotropy field, Hi = H0 + Hdemag, where H0 is the applied magnetic field and Hdemag 
is the demagnetizing field. In the ferromagnetic medium (here |m |<< M0 thus M0 
º|M| =Ms, Ms is the saturation magnetization). m lies mainly in the x-y plane thus mz 
is taken to be zero in the following discussion. However, h may have x, y and z 
components. 
Substituting Eqs. (2.2) and (2.3) into Eqs. (2.1) one can get 
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∇ × h = 0                          (2.4a) 
∇ ⋅ (h + 4πm) = 0               (2.4b) 
Eq. (2.4a) permits the introduction of a scalar magnetic potential, ψ, such that h = ∇ψ, 
and Eq. (2.4b) becomes  
   ∇2 ψ + 4π∇ ⋅ m = 0        (2.5) 
The equations of motion of magnetization (torque equations), neglecting energy 
losses, are  
( )d
dt
γ= ×M M B       (2.6) 
where γ is the gyromagnetic ratio. Substituting for M and B and retaining only the 
linear terms in m and h, the equations of motion become  
0 0/ [ ]zi M Hω γ = − × −m i h m .    (2.7) 









ψ ψπ κ ν
ψ ψπ ν κ
∂ ∂= +∂ ∂
∂ ∂= − +∂ ∂
















π πγΩ = Ω =  
Substituting expressions (2.8) into Eq. (2.5), the potential inside the sample 
satisfies  
2 2 2
2 2 2(1 ) 0.
i i i
x y z
ψ ψ ψκ ⎡ ⎤∂ ∂ ∂+ + + =⎢ ⎥∂ ∂ ∂⎣ ⎦     (2.9) 
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Outside the sample, Laplace’s equation must be satisfied, 
2 0.eψ∇ =                (2.10) 
The equations up to this point apply to a sample of arbitrary shape having a 
uniform internal field. We now consider two specific shapes: slab/film and infinitely 
long cylinder.  
 
2.2.1 Magnetostatic spin waves in a ferromagnetic slab  
Consider a particular geometry of a ferromagnetic slab of thickness s (in x-
direction), with infinite lateral extent and magnetized in its own plane (in z-direction) 
as indicated in Fig 2.2. 
 
 
For this geometry the demagnetizing factor Nz = 0. Thus the internal field is 
equal to the applied field, i.e. Hi = H0. The boundary condition on the normal 























∂+ ψψνψκ            (2.11) 
and the continuity of tangential H requires 
/ 2 / 2
constant,i e
x s x s
ψ ψ=± =±= +             (2.12) 
where the constant may be taken to be zero. 
It is appropriate to treat the problem in rectangular coordinates in which the 
potential is separable and may be written 
)()()(),,( zZyYxXzyx =ψ             (2.13) 
Taking Yi and Zi as internal solutions and Ye and Ze as external solutions, the boundary 
conditions [Eq. (2.12)] requires that Yi = Ye = Y and Zi = Ze =Z. Thus the interior and 









              (2.14) 

















             (2.15) 




i +=              (2.16) 
)exp( yikY y=                 (2.17) 
)cos( zkZ z=                (2.18) 
Substituting Eqs. (2.14)-(2.18) into (2.9) and (2.10) yield the relations 
2 2 2(1 )( ) 0,ix y zk k kκ+ + + =              (2.19) 
2 2 2 0.ex y zk k k− − =                (2.20) 
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Substituting Eqs. (2.15) and (2.16) in the boundary conditions, Eqs. (2.11) and (2.12) 
yields the following characteristic equation 
 2 2 2 2( ) 2 (1 )cot( ) ( ) (1 ) ( ) 0.e e i i ix x x x x yk k k k s k kκ κ ν+ + − + − =             (2.21) 
 From Eqs. (2.19)-(2.21), Damon and Eshbach [3] found that two types of spin 
wave modes are of most interest. The first type is called the bulk spin wave for which 
all three components ixk , yk  and zk  are real numbers. In an infinite medium, 
frequency of the bulk spin wave can be expressed as 
( ) 12 20 0 04B H H M sinω γ π⎡ ⎤= + Θ⎣ ⎦              (2.22) 
where Θ  is the angle between the spin wave vector and the magnetization. Eq. (2.22) 
shows that the frequency of bulk spin wave is independent of the shape and 
dimensions of the sample. For real ixk , (1 + κ) should be negative. Thus the bulk spin 
wave frequency Bω  predicted by Eq. (2.22) extends from 0Hγ  to 
( ) 120 0 04H H Mγ π⎡ ⎤+⎣ ⎦ . 
 Another type of mode is the surface spin wave, also referred to as the Damon-
Eshbach (D-E) spin wave, with yk  and zk  being real but 
i
xk  being imaginary. The 
imaginary value of ixk  shows that the amplitude of this spin wave mode decays with 
depth from the surface, which shows the spin wave is confined to propagate along the 
film surface with frequency 
( )0 0 01 4 sin2 sins
H H Mω γ π φφ
⎡ ⎤= + +⎢ ⎥⎢ ⎥⎣ ⎦
            (2.23) 
where φ  is the angle between surface spin wave vector ks = ky iy + kz iz and the 
magnetization M. Another interesting property of D-E modes is their dependence on 
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Fig 2.3 A y-z plane showing the possible direction of propagation of the surface spin 
wave,   with reference to the critical angle, cφ . The magnetic field is applied in the z 
direction. 
the direction of propagation: only for cφ  < φ  < (180° - cφ ), the surface spin wave is 
admissible. cφ  is the critical angle defined as 











⎡ ⎤⎛ ⎞⎢ ⎥= ⎜ ⎟⎢ ⎥+⎝ ⎠⎢ ⎥⎣ ⎦
                 (2.24) 
Outside the above range of φ  there are no surface spin wave modes, as shown 
in Fig 2.3. Therefore the surface spin wave mode has nonreciprocal propagation 
property, which means no surface spin wave is possible when wave vector is reversed. 
This character results in that the spin wave is only observed on one side (either Stokes 
or anti-Stokes side, depending on the scattering geometry) of Brillouin spectrum, 





2.2.2 Magnetostatic spin waves in infinite long cylinders 
Now we consider the geometry of an infinitely long ferromagnetic cylinder 
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Schlomann published the theory of magnetostatic modes in long axially magnetized 
cylinders [4], which is briefly discussed as follows.  
 
 
Fig 2.4 An infinitely long ferromagnetic cylinder in a constant applied magnetic field 
H0 and cylindrical coordinate system. 
In cylindrical coordinates (ρ, ϕ , z), the scalar magnetic potential ψ can be 
written as: 
  ( , , ) ( ) ( ) ( )z zψ ρ ϕ ψ ρ ψ ϕ ψ=              (2.25) 
One finds that the wave form solutions can be written as: 
   ( , , ) ( ) zik zinz e eϕψ ρ ϕ ψ ρ=               (2.26) 
where n is an integer and kz is the component of wave vector propagating along the iz 






1[(1 )( ) ] ( ) 0iz
n kκ ψ ρρ ρ ρ ρ
∂ ∂+ + − − =∂ ∂             (2.27) 
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  1/ 2( ) [ /( 1 ) ]i n zJ kψ ρ ρ κ= − −      (ρ < R),           (2.28) 
outside of the cylinder, the Laplace’s equation (2.10) has the solutions 
  ( ) ( )e n zCK kψ ρ ρ=     (ρ > R),            (2.29) 
where iψ  and eψ  are scalar magnetic potentials inside and outside the cylinder, 
respectively. C is the constant determined by the boundary conditions. 
1/ 2[( /( 1 ) ]n zJ k ρ κ− −  is the Bessel function of the first kind with real argument and 
( )n zK k ρ  is the Bessel function of the second kind with imaginary argument. Inside 
the ferromagnetic wire (ρ < R), the solutions represented by the Neumann function 
1/ 2[( /( 1 ) ]n zN k ρ κ− −  are excluded as when ρ = 0, 1/ 2[( /( 1 ) ]n zN k ρ κ− − → ∞ while the 
potential should be finite. Similarly, outside the ferromagnetic wire (ρ > R), solutions 
represented by the Bessel function of the first kind with imaginary argument 
( )n zI k ρ are excluded considering ( )n zI k ρ → ∞ when ρ → ∞. 
 The boundary condition on the continuity of tangential H at the cylinder’s 
curved surface (ρ = R) requires: 






=  .               (2.30) 
 The boundary condition on the normal component of B at the cylinder surface 






ψ ν ψ ψκ ρ ϕ ρ= = =
∂ ∂ ∂+ − =∂ ∂ ∂     ,            (2.31) 
From Eqs. (2.30) and (2.31) one obtains the “characteristic equation”: 
  1/ 2(1 ) 0n n
n n z
J K ni
J K k R
νκ ′ ′+ + + =             (2.32) 
where 1/ 2[ /( 1 ) ]n n zJ J k R κ= − −  and ( )n n zK K k R= . By solving (2.32), the eigenmode 
frequencies can be obtained.  
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 As in the case of the film/slab, Joseph and Schlomann [4] found that the spin 
waves in infinite long cylinders comprises of two types, viz. bulk spin waves and 
surface spin waves. For convenience, the following abbreviations are introduced: 
tans φ=  where φ  is the angle between the wave vector and the magnetization; 
zk Rζ =  and /B Hξ = .  
 The surface spin wave mode, whose amplitude decays with distance from the 





1 1( log 0.366) ( 1)
2 4





ξ ξω γ ζ
ξ ξω γ ζ
+ −⎡ ⎤≈ − − + =⎢ ⎥⎣ ⎦
⎡ ⎤+ −≈ − >⎢ ⎥−⎣ ⎦
            (2.33) 
In the notation of ,n lω , n (an integer) indicates the order of the Bessel functions and l 
(= 0, 1, 2…) labels the various zeros of the Bessel functions. The surface modes are 
labeled by l = 0 and bulk modes by l = 1, 2, 3…  
 The critical value of cζ  now is defined by: 
  








′ + =                (2.34) 
For cζ ζ> , no solution exists. There is no analytical expression for the surface spin 
wave frequency when ζ  is equal to an intermediate value, but its value can be 
determined numerically using computers. 
 For 1ζ << , the analytical expressions for the frequencies of bulk spin wave 
modes are: 











, 0 2 1/2
, ,
1 3 2 1 11 (0.1395 log ) ...
2 8
1 3 2 1 11 ...









ξ ζ ξ ξ ξ ζω γ ξ ξξ ξ ξ
ξ ζ ξ ξ ξ ζω γ ξ ξ ξ ξ ξ
⎧ ⎫⎛ ⎞ ⎛ ⎞⎡ ⎤− − − −⎪ ⎪≈ − + + − +⎜ ⎟ ⎜ ⎟⎨ ⎬⎢ ⎥⎜ ⎟ ⎜ ⎟⎣ ⎦⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭
⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞− − − −⎪ ⎪⎢ ⎥≈ − + + +⎜ ⎟ ⎜ ⎟⎨ ⎬⎜ ⎟ ⎜ ⎟−⎢ ⎥⎪ ⎪⎝ ⎠ ⎝ ⎠⎣ ⎦⎩ ⎭
        (2.35) 
 and for 1ζ >> : 
1, 1,
2 2
, 0 2 3
11 ( 1)
2
m l m l
n l
j j
H ξω γ ξζ ζ
− −
⎡ ⎤−≈ + − −⎢ ⎥⎢ ⎥⎣ ⎦
            (2.36) 
where ,n lj  is the lth root of 0nJ = . 
For intermediate value of ζ , the characteristic equation cannot be solved 
analytically but it can be solved numerically. The calculations of Joseph and 
Schlomann [4] show that the frequencies of both surface and bulk spin wave modes 
decrease with increasing ζ . 
 
§ 2. 3 Dipole-Exchange spin wave theory for cylinders 
 In the dipole-exchange range, the exchange energy can not be neglected 
compare to the dipole energy. The total effective field in an isotropic ferromagnetic 
medium can be written as: 
  H = Hi iz + he-iωt + 2D∇ m               (2.37) 
where D is the spin wave exchange stiffness. For the infinitely long cylinder 
magnetized in the axial direction, Hi = H0. While Dk2 represents the exchange term 
(see Heisenberg model [5]), the detailed description of this can be found in a quite 
number of references such as Refs 6-9. For the geometry of the film, the respective 
frequencies of bulk and surface spin waves, given by Eqs. (2.22) and (2.23), are 
modified to 
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( ) 12 2 2 20 0 0( ) 4B H Dk H Dk M sinω γ π⎡ ⎤= + + + Θ⎣ ⎦             (2.38) 
and 
( )2 20 0 01 4 sin .2 sins H Dk H Dk Mω γ π φφ⎡ ⎤= + + + +⎢ ⎥⎢ ⎥⎣ ⎦           (2.39) 
 In 1960, Fletcher and Kittel [10] formulated a theory on the dispersion relation 
of spin waves in a long thin circular cylinder, magnetized along its symmetry axis. 
However, this theory falls short of explaining spin waves in the dipole-exchange 
range, as the energies of the spin waves are the linear combination of the 
magnetostatic and the exchange energies. In 1977, Lai et al published their work on 
the dipole-exchange theory applied to the case of a cylinder and presented the mode 
spectra [11]. However its accessibility is limited as the article was written in Chinese 
and no English version is available so far. Arias and Mills re-examined this problem 
and published a theory of spin waves in a cylinder in 2001 [12], and later extend the 
theory to describe collective spin wave modes in arrays of cylinders [13], which are 
briefly introduced as follows.  
 
2.3.1 Dipole-exchange spin waves in infinitely long single cylinders 
 Replace Eq. (2.3) with Eq. (2.37), and following the discussions in Section 
2.2.2, Eq. (2.27) can be expressed as: 
 
2 2
2 2 2 2
0 0 0 0 0 2( )( 4 ) 4 ( ) 0.
i iD H D H M M D H
z
ωπ ψ π ψγ
⎡ ⎤⎛ ⎞ ∂∇ − ∇ − − − ∇ + ∇ − =⎢ ⎥⎜ ⎟ ∂⎝ ⎠⎢ ⎥⎣ ⎦
     (2.40) 
One finds that Eq. (2.40) admits solutions of the form 
( ) zik zi innJ q e e
ϕψ ρ=                (2.41) 
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where q is a parameter to be determined. Substituting (2.41) into (2.40), for a 
homogeneous medium, the q must satisfy  
( ) ( )( )
( )
3 22 2 2 2 2
0
2
2 2 2 2
0 0 0 0 0 0
2 2
( 4 ) 4 4 0
z s z
z z z
D q k D H M q k
H H M M Dk q k M H k
π
ωπ π πγ
+ + + +
⎡ ⎤⎛ ⎞+ + − − + − =⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
         (2.42) 
Since Eq. (2.42) is a cubic equation in 2q , for each choice of n and kz, there are three 
linearly independent solutions for Eq. (2.41). Thus, the scalar magnetic potential 
inside the cylinder has the general form 





A J q e eϕψ ρ
=
=∑              (2.43) 
while the potential outside the cylinder remains the same as in Eq. (2.29). Where ql is 
the lth root (l = 1, 2, 3) of Eq. (2.42). 
 To solve this problem, the following additional equations for the boundary 







∂⎛ ⎞⎜ ⎟∂⎝ ⎠
                  (2.44) 
and 





b mρ ρ ρ
ρρ
∂⎛ ⎞ −⎜ ⎟∂⎝ ⎠
             (2.45) 
where pinb  is the pinning parameter related to the surface energy anisotropy of the 
wire and the exchange constant. When pin = 0b , there is no surface spin pinning and 
for pinb →+∞ , the spins are totally pinned at the sample surface. Using Eqs. (2.10), 
(2.29)-(2.31), (2.40) and (2.42)-(2.45), the eigenmode frequencies of spin waves can 
be numerically determined.  
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The bulk and surface spin waves respectively correspond to real and 
imaginary values of q. The full theory requires taking into account numerically the 
“mixing” of the bulk spin waves with the surface spin waves. One can modify this 
approach to obtain an approximate analytic theory applicable for small and large 
pinning [7], for which the radial function ( )nJ qρ  will have antinodes and nodes, 
respectively, at the cylinder surface. Let , ,n l n la q R= , where ,n la  is the lth root of 
( ) 0nJ a = . Thus the angular frequencies of bulk spin wave modes, with q having the 
role of a spin wave radial wave vector component, can be expressed as 
( ) ( ) ( )
1
2 22 ,2 2 2 2 2 2
, , 0 , 0 2 2
,
4 2 2 2 4 .n ln l n l z z i i n l z i
n l z
q
Dq Dq M Dk Dk H H Dq Dk M H
q k
ω γ π π⎧ ⎫⎡ ⎤⎪ ⎪= + + + + + + + ⎢ ⎥⎨ ⎬+⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭
                      (2.46)
 The corresponding mode profiles can be obtained by computing the associated 
eigenvectors. As an illustration, typical mode profiles computed for n = 1 and 2 of an 
single isolated ferromagnetic cylindrical nanowire of radius 20 nm are shown in Fig 
2.5. Note that, for a given azimuthal quantum number n, there are infinitely many 
frequencies (l = 1, 2, 3…). Only the lowest frequencies of each n are shown. Further, 
assume that there is no surface spin pinning i.e. pin = 0b . These modes, as expected, 
exhibit the respective dipolar and quadrupolar character of n = 1 and 2. The arrows 
describe the orientation of the dynamical magnetization over the cross-section of the 
nanowire while the gray-scale depicts the variation of the magnetic scalar potential 
within and outside the cylinder [14]. 
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Fig 2.5 Mode profiles of a single isolated ferromagnetic cylinder for azimuthal 
quantum number n = 1 and 2. The arrows represent the orientation and magnitude of 
the dynamical magnetization and the gray scale depicts the variation of the magnetic 
potential. 
 
2.3.2 Collective spin waves in arrays of cylinders 
If the cylinders in an array are brought near to each other, the dipolar fields 
generated due to spin precession within each nanowire will interact so that collective 
modes are formed which propagate through the array. Consider an array of infinitely 
long cylindrical wires, each of radius R  and of saturation magnetization sM , and 
each having their symmetry axes parallel to the z  axis. It is assumed that the adjacent 
wires are sufficiently far apart so that interwire exchange interactions can be 
neglected, the wires interact only via the dipolar mechanism. In the following, the 
collective modes of the array are calculated based on the theory developed by Arias 
and Mills in 2003  [13]. The multiple scattering theory is employed to account for the 
interwire interactions. To this end, the expression for the response of a single 
nanowire to an external driving field needs to be derived. 
Consider a single nanowire centered at the origin of a coordinate system in an x-
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y plane. In polar coordinates, the potential of the driving field in the vacuum region 
outside the nanowire must satisfy Laplace's equation and therefore may be expressed 
as  
                   driv
=
( , ) = ( ) exp( )n n z
n
A I k inρ ϕ ρ ϕ∞
−∞
Φ ∑           (2.47) 
where ( )nI kρ  is a modified Bessel function of the first kind. This field excites the 
magnetization of the nanowire, and the resulting precession of the magnetization will 
generate a dynamic dipole field  
              ( )
=
( , , ) = ( ) zi n k zn n z
n
z B K k e ϕρ ϕ ρ∞ +
−∞
Φ ∑                                      (2.48) 
outside the wire. Denoting the ratio /n nB A  by ns , which is similar to a T-matrix of the 
scattering theory, and by imposing the continuities of the potential and the normal 
component of the magnetic field induction bρ  at the surface of the cylinder, one 
obtains [13]   
                    ( ) ( )=
( ) ( )
'
n n z n n z
n '
n n z n n z
G I k R k I k Rs
G K k R k K k R
− Γ− − Γ                                      (2.49) 




0 2 2 2 2
=1 0 0
( ) ( )= 2 ( )
( ) ( )
'n l n l
n l nl n l
l l z l z
J q R J q RG q A M J q R
D q k H D q k H
π + −⎡ ⎤⎧ ⎫− −⎨ ⎬⎢ ⎥+ + +Ω + + −Ω⎩ ⎭⎣ ⎦∑   (2.50) 
and 
                   
3
=1
= ( )n nl n l
l
A J q RΓ −∑                 (2.51) 
where the prime indicates derivative with respect to the argument and ql is the lth root 
of Eq. (2.42). The coefficients nlA  are calculated as follows: 1nA  is first set to unity, 
and the two remaining coefficients ( 2nA  and 3nA ) are determined by fulfilling the two 
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boundary conditions given in Eqs. (2.44) and (2.45). 
In an array of nanowires, the driving field, originating from the dynamic fields 
of all the other nanowires in the array (except the one at the origin), can be expressed 
as  
       driv
0 =
( , ) = ( ) ( ) exp( )n n z j j
j n
B j K k inρ ϕ ρ ϕ∞
≠ −∞
Φ ∑∑              (2.52) 
 
 
Fig 2.6 Coordinate system and quantities used in the multiple scattering theory.  
 
The definitions of the various quantities are given in Fig 2.6. It is necessary to 
express Eq. (2.52) in the local eigenfunction expansion. This can be accomplished by 
using the Graf's addition theorem for Bessel functions [15]. Thus, it can be shown that 
[13]  
       driv
=
( , ) = (0) ( )exp( )n n z
n
A I k inρ ϕ ρ ϕ∞
−∞
Φ ∑ ∼                          (2.53) 
where  
      
( )
0 =
(0) = ( 1) ( ) ( )
i m nm j
n m m n z j
j m
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Hence, from (0) = (0)nn nB s A
∼
 one obtains,  
       
( )1
0 =
(0) = ( 1) ( ) ( )
i m nm j
n n m n z j m
j m




−∑ ∑                          (2.55) 
 In practice, only a finite range of m  is used in the summation. The frequencies 
of the collective spin wave modes are then given by the zeros of the determinant 
formed from Eq. (2.55). For a periodic array, ( ) = (0) jin nB j B e ⊥
⋅k d , where ⊥k  is the 
Bloch wave vector in the xy  plane. Once the frequencies have been determined, the 
corresponding mode profiles can be constructed by determining the associated 
eigenvectors ( )nB j . Arias and Mills illustrated their theory with the  example of a 1-
D array of nanowires [13]. Liu et al. [16] and Wang et al. [17] extended the 
application to the more complex case of a hexagonally-ordered 2-D array of 
nanowires. 
 
Fig 2.7 Mode profiles of a three-wire array arranged in a shape of an equilateral 
triangle. The arrows represent the orientation and magnitude of the dynamical 
magnetization and the gray scale displays the variation of the magnetic potential. (a) 
Lowest-frequency and (b) next lowest-frequency collective modes.  
As an illustration [14], consider an array of three parrallel ferromagnetic 
cylindrical nanowires, each of radius 20 nm, arranged in a shape of an equilateral 
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triangle of side 42 nm. The profiles of the two lowest-frequency collective modes for 
such a system are shown in Fig 2.7. For the lowest-frequency mode, the dynamical 
magnetization profile within each wire is largely of the n = 1 (dipolar) character. 
Collectively, the dynamical magnetizations behave in such a way that the generated 
dynamical stray fields from these wires are overall minimized. The next higher 
frequency collective mode, however, has an almost purely dipolar character within 
each nanowire. The dynamical magnetizations of the nanowire array precess in phase 
with each other.   
 
§ 2. 4 Experimental techniques for spin wave 
 Commonly used experimental techniques for studying spin waves include 
inelastic light scattering spectroscopy (Raman and Brillouin scattering), inelastic 
neutron scattering, electron energy loss spectroscopy and ferromagnetic resonance 
techniques. Here we give a very brief introduction to all techniques except Brillouin 
Light Scattering (BLS); BLS will be discussed in detail in Chapter 3. 
In Raman scattering, the incident light is scattered by the permittivity 
fluctuations which are caused by the spin waves in the medium. The first 
experimental observation of spin waves using Raman scattering was made by  Fleury 
et al in 1966 [18], who observed a temperature-dependent light scattering from one or 
two-magnon excitations in the antiferromagnet FeF2. However, the magnons, with 
frequencies of the order of tens of GHz, cannot be studied by Raman scattering, 
whose minimum detectable frequency is of the order of hundreds of GHz.  
Inelastic neutron scattering is a very useful technique for studying the 
dispersion of the magnons [19, 20]. In this technique, elastic neutron scattering 
provides information on the magnetic structure, while the inelastic scattering in 
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principle gives the magnon energies at wavevectors throughout the Brillouin zone. 
Such results are then used to construct models for the spin ordering and for the 
magnon dispersion. However, neutron scattering is limited to low energies and small 
wavevectors because of the existence of the Bragg peak. 
Electron energy loss spectroscopy is another scattering technique which is 
widely used for studying excitations on crystal surfaces. Though this technique is able 
to measure the wavevector dependence of the surface mode, it is a difficult technique 
with poor resolution [21]. 
Ferromagnetic resonance techniques in far infrared spectroscopy have 
provided another means of investigating magnons [22]. Here infrared radiation is 
applied with magnetic field component perpendicular to the spin direction in an 
ordered magnetic material, and resonance absorption occurs when the frequency of 
the field matches that of the magnon. However it is usually limited to the 
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Chapter 3  Brillouin Light Scattering 
§ 3. 1 Introduction 
 Brillouin light scattering (BLS) is inelastic light scattering by excitations, such 
as magnons and phonons, with frequencies in the GHz regime. Such excitations 
include magnons (spin waves) and phonons (acoustic waves and eigenvibrations of 
particles with dimensions ranging from tens to hundreds of nanometers). Brillouin 
light scattering from acoustic phonons was first proposed theoretically by L. Brillouin 
[1] in 1922 and independently by L. I. Mandelshtam [2] in 1926. Classically, the 
scattering can be ascribed as arising from statistical fluctuations due to magnetic or 
acoustical vibrations in the scattering medium. These fluctuations may be viewed as a 
moving diffraction grating from Bragg diffraction by an incident light wave. 
Therefore Brillouin light scattering can be understood in terms of Bragg’s diffraction 
and the Doppler shift which is the Brillouin frequency [3]. 
BLS is suitable for studying magnetic and elastic properties of nanostructures 
[4-6]. Because it is non-contact and non-destructive, BLS can be employed to study 
samples under extreme conditions like low/high temperatures, high pressures or 
vacuum [7-10]. It also can be used to investigate the samples in real time when they 
are in the process of being grown [11, 12]. As laser light is used as the radiation 
source and inelastically scattered light is collected as the signal, the BLS setup can be 
coupled with an optical microscope to study very tiny samples [13]. For example, 
using their own developed micro-Brillouin system, Li et. al. have successfully 
recorded the Brillouin spectrum of one single isolated silica sphere with a diameter of 
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only 260 nm. Interestingly, the sphere size is about a half the wavelength of laser light 
(515 nm) used [14]. 
 In this chapter, the kinematics of BLS for magnons are briefly introduced, 
followed by a description of the experiment setup used in this thesis. Techniques for 
analyzing BLS spectra are introduced at the end of this chapter. 
  
§ 3.2 Kinematics of Brillouin scattering 
In BLS experiments a laser beam of fixed angular frequency and wavevector 
is incident on the surface of a sample. Figure 3.1 shows the scattering geometry with 
an incident angle of θi to the surface normal. Most of the light is specularly reflected. 
However, as a result of thermally excited magnon, a small fraction of the light is 
inelastically scattered with an angular frequency shift depending on the nature of the 
scattering process. The spectrum of the light inelastically scattered at an angle θs 
contains information about surface and/or bulk magnons. The scattered light is 
collected in the direction 180° from the incident light and thus i sθ θ= , an 
arrangement known as the 180°-backscattering geometry. 
 From a quantum mechanics point of view, such an inelastic scattering can be 
described in terms of the creation and annihilation of a magnon of wavevector (q) and 
angular frequency (ω). The kinematics of the Brillouin scattering process follows 
directly from the conservation of angular frequency (energy): 
                                    s iω ω ω= ±                                                (3.1) 
and conservation of the wavevector (momentum): 
                                     s i= ±k k q                                                           (3.2) 
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between the magnon and the incident (i) and scattered (s) photons, where iω , ik , sω , 
and sk  are the respective angular frequencies and wavevectors of the incident and 
scattered light.  As shown in Fig. 3.2, the “+” sign in Eqs. (3.1) and (3.2) indicates 
that the photon absorbs a magnon (anti-Stokes shift); the “−” sign indicates that the 
photon emits a magnon (Stokes shift). 
 
                                 
 
Fig 3.1 Scattering geometry showing the incident and scattered light wavevectors ki 
and ks; the surface and bulk magnon (phonon) wavevectors qS and qB. θi and θs are 
the angles between the out going surface normal and the respective incident and 
scattered light. (The plane which contains the wavevector of the scattered light and 



















Fig 3.2 Kinematics of (a) Stokes and (b) anti-Stokes scattering events occurring in 
Brillouin scattering from bulk magnon.  
  
§ 3.3 Scattering mechanism  
Excitations in a solid can inelastically scatter incident light through the 
induced modulation of the optical constants of the medium. The spin waves in the 
magnetic materials cause a spatially periodic modulation of the permittivity of the 
medium, and the light is scattered by the permittivity fluctuations [3]. The mechanism 
of the scattering of light from spin waves is via a magneto-optic mechanism. It can be 
understood as the fluctuation of the transverse polarizability of a medium due to the 
Lorentz force caused by the precessing magnetization (spin waves). Since the 
polarization of the scattered light is perpendicular to that of the incident light, p-s (p 
means the E component of the incident light is in the scattering plane, while s means 
the H component of the scattered light is in the scattering plane) polarization is 
commonly used through this project for the study of spin waves so as to exclude the 
BLS signal from phonons which normally appears in p-p polarization.  
 In BLS experiments, monochromatic light of angular frequency ωi is incident 
on the scattering medium. The magnitude ki is given by: 
(a) 
ωi , ki ωi , ki 
q , ω 
ωs , ks 
q , ω  
ωs , ks 
(b) 







λ=k                                                                    (3.3) 
where λ0 is the wavelength of the incident light and ni is the refractive index of the 
medium. The incident electric field will induce a polarization P in the medium, with 
Cartesian components given by: 
 0( , ) ( , ) ( , )iP t t t
µ µν ν
ν
ε= ∑r r rEχ                                                    (3.4) 
where χ is the susceptibility tensor of the medium, 0ε  is the permittivity of free space, 
and µ and ν denote x, y, or z. The effect of excitations is to modulate χ and hence 
produce a fluctuation term in the polarization P. This in turn will give rise to a 
scattered electromagnetic wave whose electric field strength Es and frequency ωs can 
be calculated from Maxwell’s equations. The scattering process will be inelastic when 
the incident photon of energy iω=  either takes energy from or gives energy to the 
excitation in the medium and produce the scattered photon of energy sω= . 
 
§ 3.4 Experimental Setup 
 The schematics of a typical Brillouin light scattering experimental 
arrangement are displayed in Fig. 3.3. The main components of the setup are (i) a 
continuous single-mode laser which serves as the excitation light source, (ii) a 
focusing/collection optics system, (iii) a high-contrast tandem Fabry-Perot 
interferometer (FPI), equipped with a photon detector, for spectral analysis of the 
scattered light, (iv) a computerized data acquisition system and (v) a computer 
controlled electromagnet system.  
 The laser light is generated by a Spectra Physics 2080 argon-ion laser. A beam 
splitter, which is placed in front of the laser, separates the laser beam into two 
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perpendicular components. Part of the deflected beam is directed into the FPI and 
serves as reference beam. The other part of the beam, after passing through a step 
filter, is reflected by a tiny mirror, and finally focused by a collection lens onto the 
sample as the excitation source. The scattered light is collected by the same lens and 
focused onto the entrance unit of a JRS Scientific Instrument (3+3)-pass tandem FPI 
for analysis. The dispersed radiation is detected by a photon detector and the signals 
are sent to a computer for storage and analysis. 
 For the study of spin waves a computer-controlled GMW 3470 electromagnet 
is used to generate the static magnetic field of up to 1.2 T. A special accessory set was 
designed to hold samples within the small gap between the poles of the 
electromagnet. As spin wave signals are p-s polarized, a polarizer is used to exclude 
the p-p polarized signals due to phonons.  
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§ 3.5 Instrumentation 
3.5.1 Laser 
 For Brillouin scattering studies, laser light of single frequency and single 
mode is essential. A 15 W Spectra Physics model BeamLok 2080-15S Argon ion laser 
[15] equipped with a Z-Lok accessory package is used in this project to meet these 
requirements. The laser emits a light beam with diameter of about 1.9 mm at 1/e2 
points, and beam divergence of about 0.45 mrad. The 514.5 nm radiation was used in 
all Brillouin measurements. The laser system is extremely reliable and stable with 
high power stability and beam pointing stability. 
 
3.5.2 Multi-pass Tandem Fabry-Perot Interferometer  
 The layout of the tandem FPI system is shown in Fig. 3.4. The first 
interferometer FP1 lies in the direction of the translation stage movement. One mirror 
sits on the translation stage, and the other on a separate angular orientation device. 
The second interferometer FP2 lies with its axis at an angle θ to the scan direction. 
One mirror is mounted on the translation stage in proximity to the mirror of FP1, the 
second mirror on an angular orientation device. The changes in FP1 δL1 and in FP2 
δL2 satisfy the synchronization condition: 
  1 2 1 2/ /L L L Lδ δ =                                                   (3.5) 
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Fig. 3.4 The translation stage allowing automatic synchronization scans of the Fabry-
Perot tandem interferometer.  
 In the JRS (3+3)-pass tandem FPI [16], the two interferometers are arranged 
by a novel parallelogram construction which can achieve both statically and 
dynamically stable synchronization. The advantages of the tandem FP interferometer 
include tilt-free scan, high linear scan, continuous change and measurement of mirror 
spacing, ability to change the mirror spacing moderately without losing alignment, 
higher contrast and larger effective free spectrum range (FSR) (5 GHz to 300 GHz).  
 
3.5.3 Photon Detector 
 Detectors with high signal-to-noise ratio and low dark count are required for 
BLS study since the Brillouin signal is generally weak. A single photon counting 
module SPCM-AQ was used, which is currently the most efficient detector for 
Translation 
Stage 
Direction of Movement 
L1 
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Brillouin scattering. Its quantum efficiency (QE) is about 60% at 500 nm. The high 
QE means that weak signals can be measured far more quickly than with normal 
photomultiplier tubes (typically QE 10-15%). 
 The SPCM-AQ is a photon counting system producing TTL pulses. There is a 
dead time of about 50 ns between pulses. The solid-state detector utilizes a unique 
silicon avalanche photo-diode that has a circular active area with a diameter of 200 
µm. The photo-diode is both thermoelectricity cooled and temperature controlled, 
ensuring stabilized performance despite changes in the ambient temperature. The 
SPCM-AQ requires a +5 volt power supply. A 50 Ω TTL pulse, 2 volts high and ∼30 
ns wide, is output at the rear BNC connector as each photon is detected. The photon 
pulses are collected and displayed as a spectrum on the computer. The maximum dark 
count is 9 cps. An f/1.5 lens, with diameter of 18 mm, was positioned in front of the 
silicon avalanche diode.  
 
3.5.4 Electromagnet 
 A computer-controlled GMW 3470 electromagnet [17] was used to generate a 
static magnetic field.  The maxim field is determined by the pole gap, which can be 
varied up to 75 mm, and pole face (two types of pole faces: (i) 40mm- diameter for 
larger area of uniform field, and (ii) 20mm-diameter for stronger fields). For example, 
using the 20 mm taped face and 10 mm pole gap, a maximum field of 1.2 T can be 
achieved. Whenever the pole gap is changed, a recalibration of the generated 
magnetic field is needed.   
 When using the electromagnet, the magnetic field is set by keying in the 
magnetic field value in the “Field Setpoint in Tesla” box in the control program (see 
Fig. 3.5). The program automatically determines the current required for the magnetic 
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field according to the recorded calibration curve. Clean, cool (16°C - 20°C) water at 1 
l / min at 0.3 bar is required to cool the magnet windings.  
 
 
Fig. 3.5 Control panel of the electromagnet with the field set at 0.60 T. 
 
§ 3.6 Analysis of Brillouin Spectrum 
 Measured Brillouin data were recorded by a PC interfaced to the FPI control 
unit. The frequencies of the Brillouin peaks in the measured spectra were obtained by 
spectra fitting the peaks with Lorentzian functions. The Renishaw and PeakFit 
softwares are used for spectral fittings to obtain frequencies, linewidths and intensities 
of Brillouin peaks. Figure 3.6 shows a sample of spectrum-fitting using the Renishaw 
software. An example of fitting using PeakFit is shown in Fig. 3.7. 
 




Fig. 3.6 An example of spectral-fitting of a Brillouin spectrum using the Renishaw 
program. The yellow curve indicates the experimental data; red lines are due to the 
quadratic background and four Lorentzian peaks. The resulting fitted spectrum is 
shown as cyan curve. By reviewing the fitting results, information such as frequency 
(center of the Lorentzian peak), intensity (area of the Lorentzian peak) and linewidth 
can be obtained. 
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Fig. 3.7 An example of spectra-fitting of a Brillouin spectrum using the PeakFit 
program. The experimental data, background are shown as dots and yellow curve 
respectively. The green, yellow and white lines at the bottom are the Lorentzian peaks 
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Chapter 4       Spin Wave Quantization in Ni Nanowires 
§ 4.1 Introduction 
Regular arrays of magnetic nano-size dots and wires are attracting great 
interest due to their potential applications in magnetic sensors and memory devices [1, 
2] and their static properties have been studied extensively [3-7]. Their dynamical 
properties are of fundamental importance in evaluating the time scale of the 
magnetization reversal process which governs the writing time in magnetic storage 
devices. The spin waves which define the time scale are best investigated via 
Brillouin light scattering (BLS) [8]. Confinement effects of surface spin waves have 
been observed by BLS in micron-size magnetic circular dots and rectangular stripes 
[9-12].  
In this chapter, BLS was employed to study spin waves in highly-ordered 
arrays of ferromagnetic nickel nanowires, fabricated by electrodeposition method  
following Nielsch et al. [13, 14], and the experimental results were analyzed using a 
modified dipole-exchange theory for cylindrical nanowires [15]. This chapter focused 
on the size effect – the quantization of the spin waves in particular, the transverse 
field dependence of the quantized spin waves was briefly given. The longitudinal field 
dependence of the spin waves was not included in this thesis, but one may find 
relevant information in reference [16]. 
 
§ 4.2 Experiments 
The two-dimensional arrays of the nickel nanowire samples studied, provided 
by Dr. Kornelius Nielsch, of the Max-Plank-Institute of Microstructure Physics, were 
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prepared in the following way. Hexagonally-ordered porous Al2O3 templates were 
first fabricated on aluminum substrates using a two-step electrochemical anodization 
process [17]. By means of pulsed electrodeposition, the resulting high aspect-ratio 
porous alumina templates were homogeneously filled with nickel [13, 14]. Fig. 4.1 
shows the process of fabricating the samples. 1) Hexagonally ordered pore domains 
are prepared by a self-organization process under some specific conditions [18]. 
During the first step of anodization, the pores initiate randomly on the aluminum 
surface and start to become in order after a long-time self-adjusting anodization 
process. Ordered pore domains are obtained at the bottom of the layers. The pore 
distance is controlled by changing the anodic electrolyte and the applied voltage. 2) 
After complete dissolution of the alumina, the surface of the aluminum substrate 
keeps a regular hexagonal texture of the self-organized pore tips, which acts as a self-
assembly mask for the second anodization. 3) A second anodization produces an 
ordered nanopore array with straight pores from top to bottom. 4) Isotropic chemical 
etching is used to thin the bottom part of the oxide film (called the barrier layer) and 
widen the pores. This is to guarantee the quality and homogeneity of the deposition 
process. 5) A current-limited anodization process further widens the pores to obtain 
the expected nanowire diameters. 6) The pores are electrodeposited with nickel.  
The resulting structure of the alumina membrane encasing the nanowires is 
depicted in Fig. 4.2 (a). Scanning electron micrographs [Fig. 4.2 (b)] of the nanowire 
structures revealed that they have a length of about 1 µm and a periodic wire spacing 
(center to center) of 100 nm, with respective nanowire diameters of 30, 40 and 55 nm. 
Samples of nanowires with a 25 nm diameter and interwire separation of 65 nm were 
also obtained. Using superconducting quantum interference device (SQUID) 
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magnetometry (see Fig. 4.3), the saturation magnetization, Ms of the nickel nanowires 
was found to be 0.0480 T by Dr Kornelius Nielsch [14]. 
 
Fig. 4.1 Schematic diagram describing the fabrication of a highly ordered nickel 
nanowire arrays:  1) Porous alumina obtained in the first anodization 2) Porous 
alumina was removed and regular hexagonal texture of pore tips remained. 3) Highly 
ordered alumina pore structure obtained by a second anodization. 4) The barrier 
layer was thinned and the pores were widened.  5) Two current-limited anodization 
steps were used for further thinning of the barrier layer and dendrite pore formation 
occurred at the barrier layer. 6) Pulsed electrodeposition of nickel into the pores. 
[After Kornelius Nielsch et al. Ref. 14] 
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Fig. 4.2 Structure of the hexagonally ordered array of nickel nanowires. (a) 
Schematic of 1-µm thick Al2O3 matrix containing nickel nanowires. (b) SEM 
micrograph showing top view of membrane with interwire (center to center) 
separation of 100 nm.  
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Fig. 4.3 SQUID-Hysteresis loops of the Ni nanowire arrays with periodicity of Dint = 
100 nm and a pore diameter DP= 55 nm (a), DP= 40 nm (b) DP= 30 nm (c) and Dint 
= 65 nm, DP= 25 nm. [After Kornelius Nielsch et al. Ref. 14] 
 
Brillouin spectra at room temperature were recorded in the 180°-
backscattering geometry using a (3+3)-pass tandem Fabry-Perot interferometer 
equipped with a silicon avalanche diode detector, and the 514.5 nm line of an argon-
ion laser. The laser light was incident on the top surface of each alumina membrane 
such that the surface normal, which is parallel to the symmetry axes of the nanowires, 
lies in the scattering plane. The schematic scattering geometry is shown in Fig 4.4. 
Measurements were made in p-s polarization configurations, with a typical data 
acquisition time of eight hours.  
(d) DP = 25 nm 
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Fig. 4.4 Schematic Brillouin scattering geometry. 
 
§ 4.3 Results and analysis 
Figure 4.5 shows a typical p-s polarized anti-Stokes Brillouin spectrum in zero 
applied magnetic field, recorded at an incident angle of 45°, of a 30 nm diameter 
nickel nanowire sample, which features three Brillouin peaks. As they appear 
symmetrically, in the respective Stokes and anti-Stokes spectra, about the inelastic 
peak and their positions shift on application of a magnetic field, they are attributed to 
bulk spin waves. The spectral peaks were fitted with a Lorentzian function, as shown 
in Fig. 4.5, and the variation of the fitted SW frequencies with the nanowire radius is 



























Figure 4.5 Brillouin anti-Stokes spectrum of the 30 nm diameter nickel nanowire 
sample in zero applied magnetic field. Experimental data are denoted by dots. The 
peaks are due to the three bulk spin waves. The spectrum is fitted with Lorentzian 
functions (solid blue curves) and a background (dashed blue curve); the full fitted 
spectrum is shown in red. 
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Figure 4.6 Variation of bulk spin wave frequencies with nanowire radius in zero 
applied magnetic field. The experimental data points, for each radius, correspond to 
the three values of the azimuthal quantum number m. The solid curves represent the 
respective best fits of the experimental data with Eq. (4.3). The diamond denotes the 
frequency of the bulk spin wave for bulk nickel [19]. 
 
The theory of Arias and Mills [15] was formulated for dipole-exchange SW 
excitations in ferromagnetic nanowires of circular cross section, where the 
magnetization is parallel to the axis of the wire, as described in Chapter 2. In the case 
of zero applied magnetic field, Eq. 2.41 becomes:  
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(q2 + k2)[Dq2(Dq2 + 4πMs + 2Dk2) + (Dk2)2−(ω/γ)2] = 0                              (4.1) 
where D is the exchange stiffness, Ms the saturation magnetization and ω the SW 
frequency. The bulk standing modes of the nanowires correspond to real values of q 
(which has a SW radial wave vector component) and thus correspond to SW 
frequencies that are given by  
ω  = γ [Dq2(Dq2 + 4πMs + 2Dk2) + (Dk2)2]½.                                                (4.2) 
The full theory [15] requires taking into account numerically the “mixing” of 
the bulk SWs with the surface SWs (which correspond to imaginary values of q), 
together with boundary conditions (as discussed in Chapter 2). However, this 
approach can be simplified to obtain an approximate analytic theory applicable for 
small and large pinning [8], for which the radial function Jm(qr) will have antinodes 
and nodes, respectively, at r = R (the radius of a nanowire). Denoting  am = qmR, the 
lowest three values are a1 = 1.84, a2 = 3.05 and a3 = 4.20 for m = 1, 2 and 3, 
respectively, in the case of small pinning. The corresponding numbers for large 
pinning are a1 = 3.83, a2 = 5.14 and a3 = 6.38. 
Figure 4.7 shows the BLS spectra taken at difference incident angles (i. e. 
different k) with a transversely applied magnetic field of 0.04 T, which clearly reveals 
that the frequencies of the spin waves observed are very weakly depend on k within 
the range of the experiment concerned. In Fig 4.6, k = 0.041 nm−1 and therefore k2 = 
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Figure 4.7 Brillouin spectra of the 30 nm diameter nickel nanowire sample in 0.04 T 
transversely applied magnetic field. The incident angle is varied from 30° to 70°. 
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The expression for ω, Eq. (4.2), can be further simplified (because k2 << 
(am/R)2): 
1 22 2





⎡ ⎤⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥= +⎨ ⎬⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎪ ⎪⎩ ⎭⎣ ⎦
 
The above equation is used to fit the results with D as a parameter and Ms fixed at the 
measured value [14] of 0.0480 T. Fig. 4.6 shows that the fit thus obtained is good, in 
the case of small pinning, and yields D = 3.13 × 10−14 T⋅cm2, which is some 11 times 
smaller than that obtained by Sandercock and Wettling [19] in a BLS study of SWs in 
bulk nickel. The reason for this discrepancy may be associated with the different 
sample geometry and direction of SW wave vector (compared to Ref. 19) or due to 
the long-range dipolar fields of the surrounding nanowires in the array. The fit to the 
experimental data is poor for large pinning, thus implying that the surface 
anisotropies in the nanowire samples are small.  
A measure of the relative importance of the exchange to dipolar coupling on a 
SW at wave number k is given by ρ ≡ (Dk2/4πMs)½ (see, e.g., Ref. 20). In the case of 
our nickel nanowires ρ = 0.093, which is small, but not sufficiently small that 
exchange effects may be neglected. Another measure is the exchange length, defined 
as ρ/k, which has the value of 2.27 nm for the nickel nanowires. The range of radii R 
studied, 12.5 to 27.5 nm, is larger than the exchange length, but not by a very large 
factor. This clearly indicates that a dipole-exchange theory is necessary for the 
analysis of SWs in small size nickel nanowires, and that the earlier magnetostatic 
theories [20, 21] are inadequate because exchange effects are ignored. 
 Figure 4.8 plots the spin wave frequencies as a function of transversely 
applied magnetic field. It is noticeable that the behavior for spin wave frequencies is 
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different above and below about 0.3 T. This value is close to the demagnetizing field 
2πMs. However, no relevant theories were formulated when these results were 
published in 2002 [22]. In 2005, Dr. Elena V. Tartakovskaya developed a theory [23] 
to describe spin wave excitations in long cylindrical ferromagnetic nanowires in 

















Figure 4.8 Variation of bulk spin wave frequencies with transversely applied 
magnetic field, of a 30 nm diameter nickel nanowire.  
 
 The ground state of such a system is determined by a “competition” between 
the static part of the demagnetizing field M0 (|M0| = Ms) and transversely applied 
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magnetic field H0. Neglecting the demagnetization factor along the axis, the 
magnetostatic energy Wm and Zeeman energy WZ can be respectively written as:  
2 2
0cos , cos ,m s Z sW VM W VH Mπ θ θ= = −              (4.4) 
where V is the volume of the nanowire and θ is the angle between M0 and H0. Angle θ 
plays the role of the order parameter in the phase-transition theory. The minimum 
total energy Wm + WZ is achieved at cos θ = H0 / 2πMs if H0 < 2πMs. While if H0 ≥ 
2πMs, M0 is directed along the applied magnetic field H0. One can easily show that a 
second order phase transition takes place at H0 = 2πMs. 
 In “canted” coordinates (where the quantization axis z´ is directed along M0), 
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                (4.6) 
 After complicated mathematic manipulations, one can find the frequencies of 
the lowest energy unperturbed modes are given by 
       ( )( ) 1(0) 2 2 2 21 1 1 4 2 cos ,n n eff n s eff sDq H Dq M H Mω π π θ⎡ ⎤= + + + −⎣ ⎦             (4.7) 
where qn1 = an1 / R, an1 are the 1st root (lowest-frequency mode) of the Bessel 
function of order n.  The calculated results by Dr. Tartakovskaya are shown in Fig. 
4.9. Good agreement between the theoretical and experimental data proves the 
validity of the theory, and also confirms that the splitting of the observed spin wave 
modes is due to confinement by the small cross-section of the nanowires. 
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Figure 4.9 Variation of bulk spin wave frequencies with transversely applied 
magnetic field, of a 30 nm diameter nickel nanowire. Our experimental Brillouin data 
are shown as symbols and the solid lines correspond to the calculations using Eq. 
(4.7). The dashed lines correspond to the splitting of the lowest-energy  mode whose 
investigation is beyond the scope of this thesis. [After Ref. 23] 
 
 
CHAPTER 4                                                                   Spin Wave Quantization in Ni Nanowires 
59 
§ 4.4 Conclusions 
The confinement effect of bulk spin waves in uniform arrays of nickel 
nanowires was successfully observed using Brillouin light scattering. It is found that 
both the frequency differences and the frequencies of such confined modes are 
increasing when the diameter of the nanowire decreases. The analysis based on the 
dipole-exchange theory, indicates that the discrete modes observed are a consequence 
of the quantization of bulk SWs due to confinement by the small cross section of the 
nanowires. Other low-dimensional micrometer-size structures in which BLS has been 
employed to study surface SW confinement include surfaces patterned with magnetic 
platelets and strips (see Demokritov et al. [9]). By contrast, interesting new bulk 
effects due to the extremely anisotropic geometry of the long nanometer-size 
cylinders arise in the present study. Such a geometry is required for the next 
generation of perpendicular magnetic storage media based on metallic nanowire 
arrays. Besides the spin dynamics in single magnetic nanowires, knowledge of the 
interactions between the nanowires is also of great importance at the high packing 
density required for quantum nanomagnetic data storage, and this will be discussed in 
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Chapter 5   Collective Spin Waves in FeCo Nanowire Arrays 
 
§ 5.1 Introduction 
Arrays of magnetic nanoelements, such as nanowires, have generated much 
interest lately because they show great promise as magnetic memory and sensor 
devices, as well as in spintronic and medical applications [1-3]. The study in Chapter 
4 and many other experimental researches on the spin dynamics is on isolated 
nanoelements, e.g. spin wave confinement effects arising from the low dimensionality 
of these nanoelements [4-10]. In contrast, experimental data on collective magnetic 
excitations, arising from dipolar interactions, in arrays of nanoelements are relatively 
scarce [11-13]. Dipolar interactions in dense arrays, particularly 2-D ones, are 
important because magnetic properties, like remanence and coercivity, can be quite 
different from those of non-interacting arrays. From a technological point of view, 
dipolar interactions may result in phenomena such as crosstalk between neighboring 
nanomagnets which can severely affect the performance of potential devices based on 
such arrays, particularly magnetic storage devices which rely on a high-density 
packing of nanomagnets. Hence an understanding of collective spin wave modes is of 
great importance technologically and also from a fundamental science point of view.  
In 2003, Arials and Mills formulated the theory of the collective spin wave 
modes of arrays of ferromagnetic cylindrical ferromagnetic nanowires, each 
magnetized parallel to the axis of symmetry, based on a multiple scattering approach. 
Explicit results for the spin wave normal mode frequencies of a pair of nanowires, and 
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for a linear array were reported [14]. Interwire dipole energy and intrawire dipole and 
exchange energies are considered in this theory, as described in § 2. 3. 
Experimental studies have earlier been undertaken of the magnetic interaction 
between permalloy micron- and nano-size wires, of rectangular cross section, in 1-D 
arrays [12, 13]. However, because of higher density packing achievable with 2-D 
vertically-oriented wire arrays, an understanding of collective magnetic interactions in 
2-D arrays, rather than in 1-D ones, is of greater importance in terms of device 
applications, e.g. in high-density magnetic storage media. 
 Liu et al. [11] have recently investigated the spin dynamics of an array of 
35nm-diameter Ni80Fe20 nanowires with interwire spacing of 105 nm, and analyzed 
their results using Arials and Mills theory. However their study found no conclusive 
evidence of collective magnetic excitations, as shown in Fig. 5.1. Magnetic 
interaction for their sample is expected to be weak as permalloy has a relatively small 
saturation magnetization and the wire spacing-radius ratio of 6 is large. To investigate 
the interaction effects, more closely packed nanowire arrays made of materials with 
large saturation magnetization should be used. 
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Fig. 5.1 Magnetic field dependence of the frequencies of the three lowest-lying spin 
wave modes in a 2-D hexagonal array of permalloy nanowires. The azimuthal 
quantum numbers m = 1, 2 and 3 label the spin wave modes of an isolated permalloy 
nanowire. The experimental data are denoted by squares and dots while the 
calculated frequencies are represented by solid (array of nanowires) and dashed 
(isolated nanowire) lines. [After Liu et al. Ref. 11] 
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In this Chapter, collective spin waves in hexagonally-ordered 2-D arrays of 
vertically-oriented Fe48Co52 nanowire arrays will be investigated by Brillouin light 
scattering. The arrays have wires with fixed diameters of 20 nm and wire spacing-
radius ratios ranging from 3 to 5.5. Iron-cobalt was selected as it is an important soft 
magnetic material with an exceptionally large saturation magnetization and low 
coercivity [15]. It is expected that 2-D vertically-oriented nanowire arrays will serve 
as perpendicular magnetic media to be utilized in an orientation in which the 
recording direction is along (longitudinal) rather than perpendicular to (transverse) 
the wire axes. As such, the magnetic field was applied longitudinally in our 
experiments. BLS measurements of magnetic field dependence in the longitudinal 
orientation are much more challenging than those performed in the transverse case 
(reported in Chapter 4), as access to the scattered light from samples placed between 
electromagnet poles is very much more restrictive in the former case. 
 
§ 5.2 Sample fabrication and characterization 
Samples were fabricated, following the method reported by Su et al., [16, 17] 
by filling Fe48Co52 into porous alumina templates synthesized from a two-step 
electrochemical anodization process. Atomic force microscopy (AFM) and scanning 
electron microscopic (SEM) measurements reveal that the resulting Fe48Co52 wires 
have a diameter of 20 nm, a length of 1.5 µm and are arranged in 2-D hexagonally-
ordered arrays, with respective periodic center-to-center interwire separations s = 30, 
40, 50 and 55 nm. Figure 5.2 shows a typical a SEM image of a sample with s = 50 
nm. Superconducting quantum interference device (SQUID) magnetometry was 
employed to study the hysteresis loops in the parallel applied magnetic field by Dr. H. 
L. Su of Nanjing University, which are shown in Fig. 5.3. The less squareness of the 
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hysteresis loop for closer packed array (s = 30 nm) hints that the interaction of the 
neighboring wires becomes substantial. 
 
 
Figure 5.2 SEM images of an alumina template filled with Fe48Co52. The diameter of 
the wires (pores) is 20 nm and interwire (interpore) separation s = 50 nm.  
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Fig 5.3 SQUID-Hysteresis loops of the FeCo nanowire arrays with diameter of 20 nm 
and interwire separation (center to center) s  = 50 nm (a), 40 nm (b) and 30 nm (c). 
[Measured by Dr. H. L.  Su] 
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§ 5.3 BLS experiments 
Brillouin measurements were performed in a 180˚-backscattering geometry 
using a (3+3)-pass tandem Fabry-Perot interferometer equipped with a silicon 
avalanche diode detector, and 40 mW of the 514.5nm line of an argon-ion laser for 
excitation. A continuous stream of pure argon gas was directed at the irradiated spot 
on the sample surface to cool it and to keep air away from it. In the scattering 
configuration employed, the symmetry axes of the nanowires were aligned parallel to 
the static applied magnetic field (longitudinal orientation) generated by a computer-
controlled electromagnet. Spectra were recorded in p-s polarization for longitudinally 
applied magnetic fields H0 up to 0.9 T, with an average data acquisition duration of 
two hours for each scan. Representative Brillouin spectra of the s = 50 nm sample 
measured at various magnetic fields are displayed in Fig. 5.4, while Fig. 5.5 shows 
Brillouin spectra of the four arrays recorded at H0 = 0.6 T.  
 Each of the recorded spectra contains a Brillouin peak which appears 
symmetrically, with similar intensities and linewidths, in the respective Stokes and 
anti-Stokes portions about the elastic peak. Additionally, as the frequency of the 
Brillouin peak is found to vary with the applied magnetic field H0, it is assigned to a 
bulk magnon in the Fe48Co52 nanowire arrays. The variation of the magnon frequency 
with H0, for the interwire separations s = 30, 40, 50 and 55 nm, is presented in Fig. 
5.6. It reveals that the magnon mode is strongly dependent on the applied field and 
that the dependence is linear for the various interwire spacings.  
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Fig 5.4 Brillouin spectra of a 20nm-diameter Fe48Co52 nanowire array with interwire 
separation s = 50 nm recorded at various longitudinal magnetic fields. 
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Fig 5.5 Brillouin spectra, recorded at 0.6 T, of 20nm-diameter Fe48Co52 nanowire 
arrays with respective interwire separations s = 30, 40, 50 and 55 nm.  
 















Magnetic Field (T)  
Fig 5.6 Magnetic field dependence of the frequencies of the lowest-energy spin wave 
in the four Fe48Co52 nanowire arrays. Experimental data are denoted by symbols for 
the arrays with interwire separations s = 30 nm (square), 40 nm (circle), 50 nm 
(triangle) and 55 nm (star). The experimental errors are smaller than the symbols 
shown. Theoretical collective spin wave mode frequencies are represented by lines: s 
= 30 nm (dashed-dotted line), 40 nm (dashed line), 50 nm (dotted line) and 55 nm 
(solid line). 
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§ 5.4 Results and discussions 
  Using the theory introduced in § 2.3.2, the exchange stiffness D and the 
gyromagnetic ratio γ were obtained by fitting the calculated magnetic field 
dependence of the spin wave frequency to the measured dependence. In the best-fit 
procedure used, the saturation magnetization Ms was set to the Fe48Co52 bulk value of 
1.886 × 10-1 T, [18] while D and γ were treated as fitting parameters. The parameters 








−∑ was minimized, where νi and νiexpt are 
the respective theoretical and measured spin wave frequencies for the ith experimental 
data, and N (= 52) is the total number of such data. The optimal fit, corresponding to 
the smallest residual, yielded D = 27.9 × 10-14 T·cm2 and γ = 186.6 GHz/T.  
This fitted value of γ is close to the corresponding value of 188 GHz/T 
determined by Meyer and Asch from ferromagnetic resonance measurements of 
Fe50Co50 [19]. As for D, no data are available for comparison.   
Figure 5.6 reveals that the Arias-Mills theory [14] accords very well with 
experimental data. It is noteworthy that, at fixed magnetic field values, the measured 
spin wave frequency increases with increasing interwire separation s. This 
observation provides conclusive evidence of collective magnetic excitations in 2-D 
ordered arrays of ferromagnetic nanowires. The influence of neighboring wires is 
more clearly seen in Fig. 5.7. which shows the dependence of spin wave frequency on 
s for H0 = 0.6 T. The frequency increases with increasing separation and levels off for 
s > 55 nm. Figure 5.7 also reviews that the computed variation with s of the 
frequencies of the two lowest-energy collective magnetic excitations based on 
parameter values of Ms = 1.886 × 10-1 T, γ = 186.6 GHz/T and D = 27.9 × 10-14 T·cm2. 
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There is very good agreement between experiment and theory for the lowest-lying 
mode. The other mode, with a much higher predicted frequency, was not observed.  
 














Figure 5.7 Frequencies of the spin waves in Fe48Co52 nanowire arrays as a function 
of interwire separation, at a longitudinal magnetic field of 0.6 T. Experimental data 
are denoted by dots with error bars. Calculated frequencies of the two lowest-energy 
collective spin wave modes are represented by solid lines. Corresponding predicted 
frequencies for the isolated single nanowire are shown as horizontal dashed lines. 
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The frequency of spin waves in an isolated single 20nm-diameter Fe48Co52 
nanowire, based on the same parameter values, was calculated using the theory 
formulated for an isolated single wire by Arias and Mills [20]. The results are also 
presented in Fig. 5.7 for comparison. It is noteworthy that the influence of 
neighboring wires in the arrays is manifested as a depression of the frequency of the 
lowest-lying energy collective spin wave mode relative to that of the isolated wire. 
Interestingly, the frequency depression increases with decreasing interwire separation. 
It is also to be noted that the measured frequency value of 49.0 GHz for this collective 
spin wave mode, for s = 55 nm, is close to the theoretical frequency of 49.5 GHz for 
the corresponding mode of the isolated wire. This suggests that the interwire dipolar 
coupling is negligible for s ≥ 55 nm. In contrast, the higher-energy mode is virtually 
unaffected by the presence of neighboring wires.  
 
§ 5.5 Conclusions 
In summary, Brillouin measurements have been made to investigate the spin 
dynamics of high-density 2-D ordered Fe48Co52 nanowire arrays, with various 
interwire spacings, as a function of longitudinally applied magnetic field. 
Interpretation of the experimental data was achieved by application of the Arias-Mills 
theory [14] to the 2-D hexagonally-ordered arrays. The theoretical calculation results 
are in excellent agreement with experiment data. Most notably, it is found that at each 
applied magnetic field value, the influence of neighboring nanowires is manifested as 
a depression of the frequency of the lowest collective spin wave mode relative to that 
of the isolated nanowire. This frequency depression becomes progressively more 
pronounced with decreasing interwire spacing. Thus, the results provide clear 
conclusive evidence of collective magnetic excitations in 2-D ordered arrays of 
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ferromagnetic nanowires. It follows that interwire dipolar coupling plays an important 
role in the fundamental nanoscience of high-density 2-D arrays of nanomagnets. 
Additionally, increasing the density packing will not only raise magnetic storage 
capacity, but will also increase undesirable crosstalk between nanomagnets. As this 
will limit the performance of potential devices based on magnetic nanowire arrays, 
the findings of this study are of great importance to the future technological 
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Chapter 6     Spin Dynamics of High Aspect Ratio Ni 
Nanorings 
§ 6.1 Introduction 
Patterned magnetic nanostructures, such as arrays of rings, dots, stripes and 
wires, have been extensively investigated because of their potential applications in 
magnetic memory and sensing devices [1-7]. Magnetic nanorings, in particular, are 
excellent candidates for high-density storage devices because of the existence of 
vortex or flux-closed states in which the magnetization is oriented circularly and for 
which stray magnetic fields are essentially absent [8, 9].  
In their study of mesoscopic Co ring magnets, Rothman et al. [10] discovered 
the existence of a bi-domain state which they termed the onion state. Figure 6.1 
illustrates such magnetic configuration transitions, studied by micromagnetic 
simulations. The results show that as the applied magnetic field is decreased, the 
asymmetric Co ring switches from the “onion” state to the vortex state through the 
motion of domain walls. An interesting feature of the former state is the formation of 
head-to-head and tail-to-tail domain wall which assumes the cross-section of an 
onion, as shown in Fig. 6.1(a). Extensive research has been carried out on the static 
properties of micron- and nano-scale ring magnets, mainly using the magneto-optical 
Kerr effect [8, 10], anisotropic magnetoresistance [11] or local Hall effect techniques 
[12]. However information on their dynamical properties is scarce.  
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Fig 6.1 Micromagnetic simulations of the onion-to-vortex transition in an asymmetric 
ring. (a) and (f) are equilibrium states; (b)-(e) are the intermediate magnetic states 
during switching. [After Rothman et al. Ref. 10] 
 
In 2006, Gubbiotti and colleagues [13] investigated the eigenmode spectrum 
of an array of nanometric permalloy rings (20 nm thick ring with 355 nm outer 
diameter, 200 nm width, 330 nm edge to edge separation)  using Brillouin light 
scattering, as a function of the applied magnetic field. Different splitting effects 
induced by the applied magnetic field on the radial and azimuthal excitations were 
observed, and were analyzed in terms of localization or symmetry. They demonstrated 
that it is possible to identify all the relevant magnetic excitations of the nanorings for 
different value of applied magnetic field, in both vortex and saturated states. When 
the magnetic field is parallel to the plane of the ring (perpendicular to the ring 
symmetry axis), each radial mode splits into modes, whose frequency increases or 
decreases, depending on the different values of the internal field felt by the precessing 
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spins. However, the dispersion of the azimuthal modes can be either positive or 
negative, depending on the absolute value of the azimuthal quantization number. 
More recently, Schultheiss et al. [14] reported their observation of coherence 
and partial decoherence of quantized spin waves in micro-sized rings in the onion 
state, using microfocus Brillouin light scattering and micromagnetic simulation. In 
their study, two dimensional quantization (in radial and azimuthal directions) was 
observed for a ring with 1 µm outer diameter (width 0.4 µm), whereas loss of 
coherence of the spin waves in the azimuthal direction was observed for rings with 
larger diameter. They also showed that spin wave frequencies for 3 µm outer diameter 
ring could be explained by an infinitely extended stripe aligned tangentially to the 
ring structure. 
In this chapter, Brillouin light scattering was employed to study the dynamical 
properties of nickel nanorings. Previously studied magnetic rings were flat, with 
heights (ranging from a few to tens of nanometers) much shorter than their outer 
diameters and their properties were investigated under an applied transverse (normal 
to ring axis) magnetic field. By contrast, the nano-size nickel rings investigated here 
have a height that is some 1.5 times longer than their outer diameter (≈ 100 nm) and 
the behavior of their spin waves in an applied longitudinal (parallel to ring axis) 
magnetic field was studied. 
 
§ 6.2 Experiments 
The nanoring array sample, provided by Prof Matthew Johnson of Oklahoma 
University, was fabricated using Ar+ sputter re-deposition of nickel in an anodic 
aluminum oxide (AAO) mask [15].  The AAO template was synthesized using a two-
step anodization process [16, 17], same as that described in Chapter 4. To start, the 
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through-hole porous alumina template was used as an evaporation mask to define an 
array of nickel dots. This was followed by an ion etching step that left behind 
sputtered re-deposited nickel dot material around the pore walls.  Removal of the 
AAO template yielded a hexagonal array of nickel nanorings. The fabrication process 




Fig 6.2 Schematic views of method for fabricating Ni nanorings. (a) Ni is evaporated 
down to AAO mask on a silicon substrate, array of Ni dots (black) obtained, (b) Ni 
around the pore walls after ion-etching and (c) Ni nanorings array after AAO mask 
being removed [After K. L. Hobbs et al. Ref. 15]. 
 
 Figure 6.3 shows an SEM image of the Ni nanoring array. The periodic 
spacing (center to center) of the array is 105 nm and the rings have an inner diameter 
of 65 nm, a wall thickness of 15 nm, and a height of 150 nm. 
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Fig 6.3 SEM micrograph of the hexagonal array of the high-aspect-ratio nickel 
nanorings. 
 
Brillouin measurements were performed at room temperature in the 180˚-
backscattering geometry using a (3+3)-pass tandem Fabry-Perot interferometer 
equipped with a silicon avalanche diode detector, and 40 mW of the 514.5 nm line of 
an argon-ion laser for excitation. A continuous stream of pure argon gas was directed 
at the irradiated spot on the sample surface to cool it and to keep air away from it. In 
the scattering configurations employed, the symmetry axes of the nanorings were 
aligned parallel (longitudinal) to the applied static magnetic field, which was 
generated by a computer-controlled GMW 3470 electromagnet. Prior to the start of 
the measurements, the sample was saturated in a 1.0 T field directed parallel to the 
symmetry axes of the rings. Spectra were recorded in p-s polarization with an average 
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scanning duration of ten hours. Spectra, recorded in different longitudinally applied 
magnetic field, are shown in Fig. 6.4. 



























Fig 6.4 Brillouin spectra of the nickel nanoring sample in varies of longitudinally 
applied magnetic field. The incident angle is varied from 60°. 
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§ 6.3 Results and discussions 
 Figure 6.4 shows the respective spectra of Ni nanorings recorded in a 
longitudinal magnetic field which was decreased from 0.8 T to almost zero. The only 
peak featured is attributed to spin waves as it only appears in the p-s polarized spectra 
and its frequency changes with applied magnetic field, i.e., its frequency decreases 
with applied field. It is noted that when the applied field falls below 0.05 T, the peak 
suddenly disappears (see spectra for 0.05 and 0.03 T in Fig. 6.4).  This abrupt 
disappearance indicates a change of physical properties at this field.  
Figure 6.5 shows the fitted p-s polarized Brillouin spectrum, recorded at an 
incident angle of 60°, of the nanoring sample in a 0.8 T magnetic field. The spectral 
peaks were fitted with a Lorentzian function. The measured variation of the SW 
frequency with applied field is displayed in Fig 6.6.  
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Fig 6.5 Brillouin spectrum of a nickel nanoring array in a 0.8 T magnetic field 
applied parallel to the symmetry axis of the rings. Experimental data are denoted by 
dots. The spectrum is fitted with a Lorentzian function (dotted curve) and a 























Fig 6.6 Magnetic field dependence of the frequencies of spin waves in a nickel 
nanoring.  Measured frequencies are represented by closed dots, while calculated 
ones by open circles (micromagnetic simulations) and a solid curve (analytical 
equation ω = γ [Ht (4πMs + Ht)]1/2 ). 
 
The Brillouin data were analyzed based on a generalization of the Arias-Mills 
macroscopic dipole-exchange theory [18] which has been introduced in Chapter 3 and 
used for the zero-field case for nickel nanowires reported in Chapter 4. In this theory, 
the SW frequencies for the ring can be expressed as  
{ } { } { }
{ }
22 2 2 2 2 2
1
2 2 2 2
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M H q q k
ω γ π
π
⎡= + + + + + +⎢⎣
⎤+ + ⎦
         (6.1) 
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where D = 2A/MS and effective longitudinal field is Ht = H0 - Hd, where H0 is the 
longitudinal applied field, and the demagnetizing field 4 ringd Z SH N Mπ=  where ringZN  
is the demagnetizing factor. Also in Eq. (6.1), k is the component of the SW 
wavevector along the ring axis and q is an effective radial wave vector. The 
quantization for q is more complicated than assumed in Chapter 4 for nanowires, 
because rings have both inner and outer surfaces, where boundary conditions apply. 
However, q can be assumed to be q = nπ/(R2 – R1) with n º 0, 1, 2, …, R2 and  R1 are 
the respective outer and inner radii, considering the wall thickness is relatively small. 
This can be simply understood as it corresponds to fitting an integer number n of half 
wavelengths into the wall thickness. The extreme large inner diameter case can be 
regarded as an infinite film.  
 
For n º 0 and the very small k values in the experiment, the expression for ω [Eq. 
(6.1)] can be simplified to   
( ) 124t t SH H Mω γ π= +⎡ ⎤⎣ ⎦                   (6.2) 
Using the expression formulated by Sato and Ishii [19] for ringZN  of a finite cylinder, 
Hd was found to be about 35 mT which is close to 50 mT, below which field the spin 
wave peak start disappear. Calculated values of spin wave frequency, based on the 
simplified expression Eq (6.2), were found to agree well with measured values (see 
Fig. 6.6).   
 To better understand the phenomenon, microscopic simulations were 
performed by Dr. Liu Haiyan [20, 21]. Her simulations reveal that a change of the 
magnetization configuration, [i.e. a change from a coherent “bamboo” state (all spins 
aligned parallel to the symmetry axis of the rings) to a novel “twisted bamboo” state, 
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characterized by opposite circulation of the spin components in the top and bottom 
planes of the rings,] occurs at a critical field of about 50 mT, as shown in Fig. 6.7. 
The simulations also reveal that the demagnetization and exchange energies remain 
unchanged when the applied magnetic field exceeds the critical field. When the 
applied field is decreased to lower than the critical field, the demagnetization energy 








Fig 6.7 Simulated magnetization distributions (H0 = 5 mT) for a nickel nanoring in 
the ‘twisted bamboo’ phase. (a) A cross-section containing the ring axis, and (b) top, 
(c) middle and (d) bottom cross-sections normal to the ring axis (viewed along the -
H0 direction).[After Ref. 20] 
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§ 6.4 Conclusions 
In conclusion, spin dynamics of high aspect ratio Ni nanorings were studied 
by Brillouin spectroscopy. The experimental data were analyzed based on a 
generalization of the Arias-Mills macroscopic dipole-exchange theory for long 
cylinders in longitudinally applied magnetic fields. Good agreement was obtained 
between the experimental data and those from macroscopic theory. The non 
observation of a spin wave peak for applied magnetic fields below 0.05 T suggests a 
transition of physical properties, which is in accordance with a transition from aligned 
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Chapter 7  Conclusions 
 
 In this PhD project, investigations on the spin dynamics of magnetic 
nanowires and nanorings were reported. The confinement effects of the bulk spin 
waves in Ni nanowires were observed (Chapter 4); the magnetic interactions between 
neighboring FeCo nanowires, in arrays of the wires, were investigated by studying 
collective spin waves (Chapter 5); and Brillouin light scattering from confined spin 
waves in high aspect ratio Ni nanorings were studied (Chapter 6). 
 
Multiple spin waves in uniform arrays of nickel nanowires were observed by 
BLS. The analysis based on the dipole-exchange theory [1], indicates that the discrete 
modes observed are a consequence of the quantization of bulk spin waves due to 
confinement by the small cross section of the nanowires. Other low-dimensional 
micrometer-size structures in which BLS has been employed to study surface spin 
wave confinement include surfaces patterned with magnetic platelets and strips (see 
Demokritov et al. [2]). By contrast, interesting new bulk effects due to the extremely 
anisotropic geometry of the long nanometer-size cylinders arise in the present study. 
Such a geometry is required for the next generation of perpendicular magnetic storage 
media based on metallic nanowire arrays. Besides the spin dynamics in single 
magnetic nanowires, the depression of value of spin wave stiffness parameter 
suggests that knowledge of the interactions between the nanowires is also of great 
importance at the high packing density required for quantum nanomagnetic data 
storage.  
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Brillouin measurements were then made to investigate the spin dynamics of 
high-density 2-D ordered Fe48Co52 nanowire arrays, with various interwire spacings, 
as a function of longitudinally applied magnetic field. Interpretation of the 
experimental data was achieved by application of the Arias-Mills theory [3] to the 2-
D hexagonally-ordered arrays. The theoretical calculation results are in excellent 
agreement with experiment data. Most notably, it is found that at each applied 
magnetic field value, the influence of neighboring nanowires is manifested as a 
depression of the frequency of the lowest collective spin wave mode relative to that of 
the isolated nanowire. This frequency depression becomes progressively more 
pronounced with decreasing interwire spacing. These results provide clear conclusive 
evidence of collective magnetic excitations in 2-D ordered arrays of ferromagnetic 
nanowires. It follows that interwire dipolar coupling plays an important role in the 
fundamental nanoscience of high-density 2-D arrays of nanomagnets. Additionally, 
increasing the packing density will not only raise magnetic storage capacity, but will 
also increase undesirable crosstalk between nanomagnets. As this will limit the 
performance of potential devices based on magnetic nanowire arrays, the findings of 
this study could contribute to the future technological development of such devices.  
Spin dynamics of high aspect ratio Ni nanorings were also studied by 
Brillouin spectroscopy. The experimental data were analyzed based on a 
generalization of the Arias-Mills macroscopic dipole-exchange theory [1] for long 
cylinders in longitudinally applied magnetic field. Good agreement was achieved 
between the experimental data and those from macroscopic theory. The non 
observation of a spin wave peak for applied magnetic fields below 0.05 T suggests a 
transition of physical properties, which is accordance with a transition from aligned 
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“bamboo” state to a “twisted bamboo” state, predicted by microscopic simulations 
[4]. 
Additionally our works have demonstrated that BLS is a powerful tool for 
investigating the spin dynamics and magnetic properties of magnetic nanostructures. 
Our findings obtained should be of use to those who are interested in the fundamental 
physics of nanomagnets and applications of such nanomagnets in areas as data storage 
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